Aim: To characterize the pharmacokinetic and pharmacodynamic profiles of the recombinant human erythropoietin (rhEPO)-loaded poly(lactic-co-glycolic acid) (PLGA) microspheres in rats. Methods: The rhEPO-loaded microspheres were prepared using a solid-in-oil-in-water emulsion method. Pharmacokinetics and pharmacodynamics of the rhEPO-loaded microspheres were evaluated in male Sprague-Dawley rats. The serum rhEPO level was determined with ELISA. The level of anti-rhEPO antibody in the serum was measured to assess the immunogenicity of rhEPO released from the microspheres. Results: rhEPO was almost completely released from the PLGA microspheres in vitro, following zero-order release kinetics over approximately 30 d. After intramuscular injection (10 000 or 30 000 IU rhEPO/kg) in the rats, the serum rhEPO concentration reached maximum levels on d 1, then decreased gradually and was maintained at nearly steady levels for approximately 4 weeks. Furthermore, the release of rhEPO from the PLGA microspheres was found to be controlled mainly by a dissolution/diffusion mechanism. A good linear correlation (R 2 =0.98) was obtained between the in vitro and in vivo release data. A single intramuscular injection of the rhEPOloaded PLGA microspheres (10 000 or 30 000 IU rhEPO/kg) in the rats resulted in elevated hemoglobin and red blood cell concentrations for more than 28 d. Moreover, the immunogenicity of rhEPO released from the PLGA microspheres was comparable with that of the unencapsulated rhEPO.
Introduction
Erythropoietin (EPO) is a hormone primarily produced by kidney cells and is the main regulator of red blood cell (RBC) production in mammals. Recombinant EPO is used to treat anemia resulting from renal failure, zidovudine treatment for HIV infection, bone marrow transplantation, and cancer chemotherapy [1] [2] [3] . Recombinant EPO is usually administered via two or three intravenous or subcutaneous injections per week for several years. Unfortunately, no patient-friendly administration routes exist other than these parenteral routes. To improve patient compliance and therapeutic efficacy, a sustained-release delivery system that permits EPO administration only once or twice a month is desirable.
Injectable, sustained-release biodegradable microspheres could control drug release for several days or even several months. The development of biodegradable polymeric microspheres as carriers has become a promising way to overcome problems with drug administration [4, 5] . Some poly(D,L-lacticco-glycolic acid) (PLGA) depot products containing peptide hormones or other drugs have become commercially available, including LHRH agonists, somatostatin derivatives and estradiol [4] . Over the last decade, many attempts have been made to develop biodegradable microsphere systems for rhEPO. Morlock et al developed PLGA and PLGA-PEO-PLGA triblock copolymer microspheres using a water-in-oil-in-water (w/o/w), double-emulsion micro-encapsulation process [6] [7] [8] . EPO was continuously released from the microspheres for up to 2 weeks in vitro. However, rhEPO (recombinant human erythropoietin) was susceptible to the micro-encapsulation processes and easily aggregated. The amount of aggregated Pharmacokinetic and pharmacodynamic profiles of recombinant human erythropoietin-loaded poly(lactic-co-glycolic acid) microspheres in rats www.nature.com/aps Zhou XL et al Acta Pharmacologica Sinica npg rhEPO within the microspheres prepared using the w/o/w double-emulsion technique was higher than safety standards allow (≤2%) (for a solution from EPO) [8] . Geng et al reported a novel method to prepare erythropoietin-loaded PLGA microspheres [9] . EPO was first formulated with dextran to form EPO-dextran glassy particles. These particles were subsequently encapsulated into PLGA microspheres using a solidin-oil-in-water (s/o/w) emulsion method. The stability of EPO was effectively preserved during this preparation process (aggregation of EPO <2%). An in vitro release study showed that EPO could be released from the composite PLGA microspheres in a sustained-release manner up to 60 d. However, the in vivo efficacy of EPO was maintained for only approximately 30 d. To achieve optimum therapeutic efficacy for the rhEPO-loaded microspheres, the relationship between in vitro drug release and in vivo pharmacokinetics and pharmacodynamics should be well characterized. However, the in vivo pharmacokinetics and pharmacodynamics of EPO-loaded microspheres has rarely been investigated in detail until now.
In the present study, PLGA microspheres loaded with rhEPO were fabricated by an s/o/w emulsion solvent evaporation method. The in vitro release kinetics, in vivo pharmacokinetics and pharmacodynamics of the rhEPO-loaded PLGA microspheres were evaluated. The correlation between in vitro release kinetics and in vivo pharmacokinetics of the microspheres was examined. In addition, the acute toxicity and immunogenicity of the rhEPO-loaded microspheres were investigated in rats.
Materials and methods

Materials
The rhEPO solution was obtained from NCPC GeneTech Biotechnology Development Co, Ltd (Shijiazhuang, China). Polyethylene glycol (PEG) with an average molecular weight of 6000 Da was purchased from Sigma (St Louis, MO, USA). Polyvinyl alcohol (PVA) with a molecular weight range of 31 000-50 000 Da was obtained from Aldrich Chemical Company Inc (USA). PLGA was purchased from the Ji-nan Daigang Biomaterial Co, Ltd (Ji-nan, China). PLGA is a copolymer with DL-lactide/glycolide ratio of 75:25 and an average molecular weight of approximately 23 kDa. Human serum albumin (HSA) was obtained from Shanghai RAAS Blood Products Co, Ltd (Shanghai, China). All other chemicals used were of analytical grade.
Preparation of the rhEPO-HSA microparticles
The rhEPO-HAS microparticles were prepared using a modified freezing-induced phase separation method [10] . In brief, a solution containing 0.1% rhEPO (w/v), 1% HSA (w/v), 5% PEG (w/v) and 0.02 mol/L sodium phosphate was frozen at -80 °C overnight. Subsequently, the solution was lyophilized using a Christ ALPHA 1-2 plus freeze-dryer at a pressure of 5.0×10 −3 Pa for 20 h. The lyophilized powders were dispersed in 5 mL of dichloromethane with high-speed agitation. To remove the PEG within the particles, the mixtures were centrifuged at 8000 r/min for 10 min. This operation was repeated three times. The final precipitates were dried overnight under a vacuum.
Preparation of the rhEPO-loaded PLGA microspheres
The rhEPO-loaded PLGA microspheres were prepared using a modified s/o/w method [11] . Briefly, 10 mg of the rhEPO-HSA mixture microparticles was suspended in 2.5 mL of dichloromethane solution containing 180 mg/mL of PLGA. An IKA T25 ultra-turrax homogenizer was used at 20 000 r/min for 1.5 min. The resulting solid-in-oil (s/o) suspension was mixed with 75 mL of 2% (w/v) aqueous PVA solution containing 5% (w/v) NaCl. The mixture was then homogenized at 600 r/min for 1 min to form the s/o/w emulsion. For solvent extraction, the s/o/w emulsion was immediately diluted with 225 mL of 20 mmol/L phosphate buffer (PB; pH 7.4) containing 5% NaCl. The emulsion was stirred with a magnetic stirrer at 300 r/min for 6 h. The resulting rhEPO-loaded microspheres were collected by filtration and washed three times with distilled water to remove the PVA and NaCl. The microspheres were then lyophilized using a Christ ALPHA 1-2 plus freeze-dryer operating at a pressure of 5.0×10 -3 Pa overnight. The samples were stored at -20 °C.
Microsphere characterization and determination of drug encapsulation efficiency The rhEPO-HSA mixture microparticles and the rhEPO-loaded PLGA microspheres were examined for morphology and size by scanning electron microscopy (SEM) using a Hitachi S-520. The rhEPO-HSA mixture microparticles and the rhEPOloaded PLGA microspheres were mounted onto metal stubs using double-sided adhesive tape and vacuum coated with a thin layer of gold. Then, the samples were examined by SEM. One hundred rhEPO-HSA mixture microparticles or PLGA microspheres were randomly selected and measured in diameter; the results were reported as an average value.
The protein content in the microspheres was determined using a previously described extraction method [12] . Thirty milligrams of dried microspheres were dissolved in methylene chloride and centrifuged at 10 000 r/min for 15 min to remove the polymer solution. The remaining protein pellet was dissolved in 0.2 mL of 20 mmol/L PB (pH 7.4). The rhEPO concentration was determined using a Quantikine in vitro diagnostic rhEPO ELISA kit purchased from R&D Systems (Minneapolis, MN, USA). The protein encapsulation efficiency in the microspheres was calculated as the ratio of actual to theoretical protein loadings.
In vitro release of proteins from PLGA microspheres Thirty milligrams of dried microspheres were suspended in 1 mL of 0.02 mol/L phosphate buffered saline (PBS, pH 7.4) containing 0.05% (w/v) sodium azide. The samples were agitated in a rotating bottle apparatus at 50 r/min at 37 °C. Samples of 1 mL were removed at the following sampling times after centrifugation at 3000 r/min for 10 min 
Pharmacokinetics of the rhEPO-loaded PLGA microspheres in rats
In vivo release of the rhEPO-loaded PLGA microspheres was evaluated in male SD rats (male, 180-210 g, Grade II, Certificate No 06057) purchased from the Experimental Animal Center of Hebei Province in China. The rats were housed under conventional laboratory conditions in a room maintained at 24±1 °C and fed commercial rat food and water ad libitum. The rats were randomly divided into four groups of six rats each. One group was used for intramuscular injection of rhEPO solution at a dose of 30 000 IU/kg, the second and the third groups were used for intramuscular injection of the microspheres at a dose of 10 000 or 30 000 IU/kg of rhEPO, and the fourth group was used for intramuscular injection of the equivalent amount of blank microspheres (without rhEPO) as a control. The rhEPO-loaded microspheres were pre-suspended in the diluent containing 2% carboxymethylcellulose sodium and 0.9% (w/v) NaCl. One milliliter of the formulations was injected at multiple points into the gastrocnemius muscle of the hind legs. After injection, 0.4 mL of blood was withdrawn from the retro-orbital sinus through the eye canthus of anesthetized rats at 0. The content of rhEPO in plasma samples was determined using a Quantikine in vitro diagnostic rhEPO ELISA kit purchased from R&D Systems (Minneapolis, MN, USA). Pharmacokinetic parameters were calculated directly from the plasma concentration versus time plot [13] . The area under the curve (AUC) was calculated by the trapezoidal method. The apparent elimination rate constants (K e ) were determined from the semi-logarithmic plot of plasma concentration versus time. k was calculated from the terminal linear portion of the curve using linear regression analysis [13] . The terminal elimination half-lives (t 1/2 ) were calculated by dividing 0.693 by the elimination rate constant [13] .
Pharmacodynamics of the rhEPO-loaded PLGA microspheres in rats The pharmacodynamics of the rhEPO-loaded PLGA microspheres were also evaluated in male SD rats. The rats were randomly divided into 4 groups with 6 rats in each group. The drug administration method was the same as for the pharmacokinetic study. After intramuscular injection, 20 μL of blood was collected from the rats (at the tail vein) at each sampling time after starting the treatment. The blood sample was immediately mixed with 0.5 mL of dilution buffer provided by the manufacturer. The hemoglobin (HGB) concentration and red blood cell number (RBC) in the blood samples was determined using an XE-2100 automated hematology analyzer (Sysmex, Japan).
In vivo polymeric degradation in rats
To determine the sites of microspheres in rats, the injection site was marked with 3%-5% picric acid solution. At designated time points, the rats were sacrificed in an induction chamber filled with ether, the muscles at the injection site were cut, and the microspheres were removed. The degradation of the rhEPO-loaded PLGA microspheres in rats was observed with scanning electron microscopy (SEM, Hitachi S-520).
Acute toxicity test in rats Forty SD rats (180-210 g, Grade II, Certificate No 06057), 20 males and 20 females, were used for the acute toxicity test. According to the maximum dosage method, the available maximum dose of the rhEPO-loaded PLGA microspheres was 2000 mg/kg, which is equivalent to approximately 50 times the normal clinical dose for humans. The lower doses were 500 mg/kg, 50 mg/kg, and 5 mg/kg, respectively and the medium was used as a control. After intramuscular injection into the hind limbs, the rats were observed for acute reactions including tachypnea, restlessness and stupor. In addition, the rats were weighed daily throughout the two-week observation period.
Detection of anti-rhEPO antibody
To examine the immune response to the rhEPO-loaded PLGA microspheres, 2000 IU/kg rhEPO in solution, 2000 IU/kg rhEPO in microsphere form, 2000 IU/kg rhEPO in denatured HSA-rhEPO mixture (heated at 100 °C for 10 min) and the equivalent amount of blank microspheres (without rhEPO) were injected intramuscularly into SD rats (5 rats per group). The amount of anti-rhEPO antibody in the blood samples taken at the 6th week was analyzed by ELISA. Briefly, polystyrene microtiter plates were coated overnight at 4 °C with 100 μL of 0.1 mg/mL rhEPO in coating buffer (50 mmol/L sodium carbonate buffer pH 9.6) and rinsed with PBST (0.01 mol/L PBS at pH 7.4 containing 0.1% Tween 20). After blocking with 5% (w/v) dried skimmed milk powder at 37 °C for 2 h, the microtiter plates were washed three times with PBST. One hundred microliters of the diluted serum samples (1/200) were loaded and incubated at 37 °C for 1 h. After the plates were washed three times with PBST, 100 μL of horseradish peroxidase-labeled rabbit anti-rat polyclonal immunoglobulin diluted 1:2000 was added and incubated with for 1 h at room temperature. The plate was again washed three times with PBST, and the bound enzyme conjugate was detected by adding 100 μL of 3,3,5,5-tetramethylbenzidine (substrate) to each well. The reaction was stopped 10-20 min later using 50 μL of 2 mol/L H 2 SO 4 . The absorbance at 450 nm was measured on a Bio-Rad 550 microplate reader. 
Results
Characterization of the rhEPO-HSA mixture microparticles and the rhEPO-loaded PLGA microspheres Figures 1A and 1B show SEM images of the rhEPO-HAS microparticles and the rhEPO-loaded PLGA microspheres, respectively. The rhEPO-HSA microparticles possessed a spherical shape, smooth surface and diameters ranging between 200 and 600 nm. The rhEPO-loaded PLGA microspheres showed a spherical, smooth, nonporous and solid morphology, with sizes ranging between 40 and 100 μm in diameter. The rhEPO encapsulation efficiency and actual drug loading were 85.3% and 0.21%, respectively.
In vitro drug release
The in vitro release profile of rhEPO from the PLGA microspheres is presented in Figure 2 . The in vitro release profile exhibited a biphasic pattern. The first phase was an initial burst release of approximately 17% of the loaded rhEPO, which occurred within one day. After the initial burst, rhEPO release was sustained, following zero-order release kinetics for approximately 30 d. The linear regression equation was inserted into Figure 2 . A good linear regression correlation was made between time and the percentage of drug released in PBS at 37 °C; the correlation coefficient was greater than 0.98, indicating that ideal zero-order kinetics was obtained. Furthermore, rhEPO was nearly completely released from the PLGA microspheres after 33 d. Figure 3A shows the in vivo rhEPO concentration-time profile after intramuscular injection of rhEPO solution in rats. The peak plasma concentration (C max ) for the rhEPO solution was 17.85 mIU/mL, and the time to attain the peak concentration (T max ) was 0.3 h. The rapid decrease in rhEPO concentration indicated that the elimination of rhEPO was rapid. The fast decrease in rhEPO concentration suggested that frequent injections are needed to maintain a constant plasma rhEPO level. After analyzing the concentration-time profiles, the apparent elimination rate constant (K e ) and terminal elimination halflife (t 1/2 ) after intramuscular injection were determined to be 0.75 h -1 and 9.6 h, respectively (Table 1) . These results are consistent with those from a previous report [3] . Figure 3B shows the rhEPO plasma concentration versus time profile after intramuscular injection of the rhEPO-loaded PLGA microspheres. The pharmacokinetic profiles for all Table 1 ). The apparent elimination rate constant K e was determined to be 0.08 h -1 and 0.054 h -1 for the microsphere formulations at doses of 10 000 IU rhEPO/kg and 30 000 IU rhEPO/kg, respectively ( Table 1) .
In vivo pharmacokinetic studies
The in vivo degradation of the rhEPO-loaded PLGA microspheres was observed with SEM after isolation from the injection site. The results are illustrated in Figure 4 . The microspheres underwent progressive changes in surface morphology throughout the experimental period. One day after intramuscular injection, the microspheres exhibited a distorted, irregular shape ( Figure 4A ). The distortion of microspheres may result from microsphere shrinkage, which may be an artifact of dehydration during the sample preparation for SEM. Six days later, the microspheres began to lose their smooth surface morphology, and the number of small surface pores increased significantly ( Figure 4B ). The microspheres completely lost their shape and exhibited a porous bulky surface after 18 d (Figure 4C ). Although the structure of PLGA microspheres was broken after 30 d, the residual structure could still be observed ( Figure 4D ).
Correlation between in vitro and in vivo data
The data obtained from the pharmacokinetic study after the intramuscular administration of the rhEPO-loaded microspheres at a dose of 30 000 IU/kg were used to develop the in vitro-in vivo correlation. A plot of the percent AUC versus the percent in vitro release is shown in Figure 5 . The results illustrate a good linear regression relationship between the percent in vitro release in PBS at 37 °C and percent AUC after intramuscular administration of the rhEPO-loaded microspheres into the rats (R 2 =0.98).
In vivo pharmacodynamics
In vivo pharmacodynamics of the rhEPO-loaded PLGA microspheres were examined based on elevated hemoglobin (HGB) concentrations and RBCs in male SD rats. The results are shown in Figure 6 . RBCs and the HGB concentration reached a peak at 3.0 h after a single injection of the rhEPO solution at a dose of 30 000 IU/kg. Both levels declined rapidly to baseline at approximately 24 h (P<0.05) ( Figure 6A and 6B). On the other hand, the RBCs and HGB concentration gradually increased to peaks at d 5 after a single injection of the rhEPOloaded microspheres ( Figure 6C and 6D) . Then, the peak concentrations were maintained for approximately 10 d and subsequently decreased slowly toward baseline. The microsphere formulations at doses of 10 000 IU rhEPO/kg and 30 000 IU rhEPO/kg were sufficient to significantly increase RBCs and HGB concentrations for over 22 and 28 d, respectively (P<0.05).
Acute toxicity and immunogenicity of rhEPO-loaded microsphere formulations A single injection of microspheres at different dosages did not induce any acute reactions or reduce body weight during the two-week observation period. No animals died. The immunogenicity of rhEPO released from the microspheres was evaluated by measuring anti-rhEPO antibodies. A denatured rhEPO-HSA mixture and blank microspheres (without rhEPO) were used as controls. Anti-rhEPO antibodies from anti-sera taken at week 6 was analyzed by ELISA. The results are shown in Figure 7 . The anti-rhEPO IgG titer induced by the rhEPO-loaded PLGA microspheres was comparable to the titer induced by the rhEPO solution (P>0.05). The titers induced by the rhEPO-loaded PLGA microspheres and the rhEPO solution were significantly higher than that elicited by the blank control (P<0.05) and significantly lower than that elicited by the denatured rhEPO-HSA mixture (P<0.01). 
Discussion
In the present study, rhEPO-loaded PLGA microspheres were successfully prepared using a modified s/o/w emulsion solvent evaporation method. The microspheres were spherical in shape and had smooth surfaces under an electron microscope. The rhEPO recovered from PLGA microspheres was identical to that before encapsulation in our previous study [14] . An in vitro release test showed that rhEPO was released from PLGA microspheres following ideal zero-order kinetics for approximately 30 d after a low initial burst, and this release was nearly complete after 33 d. In SD rats, the pharmacokinetic parameters t 1/2 and AUC 0-t for the rhEPO microsphere formulation were significantly higher than for the rhEPO solution. The elimination half-life t 1/2 was 21.7 and 32.1 times higher for rhEPO in microspheres than in solution at 10 000 IU rhEPO/kg and 30 000 IU rhEPO/kg, respectively. The relative bioavailability of the rhEPO released from PLGA microspheres was approximately 2.0 times that of the rhEPO solution. The rhEPO plasma concentration was sustained for 33 d, which was similar to the in vitro release data. The apparent elimination rate constant K e was approximately 21.9 and 32.4 times lower for the rhEPO microspheres than the rhEPO solution at 10 000 IU rhEPO/kg and 30 000 IU rhEPO/kg, respectively.
Two possible mechanisms may be involved to explain the release of rhEPO from PLGA microspheres. Protein dissolution/diffusion from the microspheres and/or erosion of the matrix due to degradation/dissolution of PLGA polymers [15, 16] may be responsible. Because the degradation/dissolution of PLGA takes quite a long time, the polymer backbone probably retains integrity without significant degradation/dissolution at the early release stage. As a result, drug release from the microspheres is most likely controlled by a dissolution/diffusion mechanism during the early release stage. Polymer erosion would increase drug diffusion through the polymer www.chinaphar.com Zhou XL et al Acta Pharmacologica Sinica npg matrix and increase the size of aqueous polymer pores, which facilitate the release of the entrapped proteins from the interior of PLGA microspheres [17] . We found that erosion of the polymer surface and bulk matrix occurred at later release stages in our system. Matrix erosion may contribute to rhEPO release from PLGA microspheres. However, the release rate of rhEPO from PLGA microspheres in vivo was not obviously faster than the in vitro release rate, although polymer degradation was generally faster in vivo than in vitro due to the presence of enzymes and other biological factors [18] . These results suggest that the release of rhEPO from the PLGA microspheres was not primarily controlled by matrix erosion but rather by a dissolution/diffusion mechanism.
The in vitro and in vivo correlation (IVIVC) is an important issue for parenteral biodegradable depot systems as well as for oral dosage forms [18, 19] . A proper IVIVC can be used to predict an in vivo release profile for parenteral biodegradable depot systems with the aid of an in vitro release profile conducted in PBS. For erosion-controlled sustained-release depot systems, the release of PLGA-based microspheres is often slower in vitro than in vivo. Thus, it is difficult to establish a good IVIVC for erosion-controlled depot systems. It has been reported that a proper IVIVC can usually be obtained for diffusioncontrolled sustained-release depot systems [20] . The release of rhEPO from the PLGA microspheres was controlled mainly by dissolution/diffusion in our depot system. Therefore, good IVIVC for rhEPO-loaded PLGA microspheres was obtained, and the results confirmed our speculations.
The pharmacodynamic studies indicated that the rhEPOloaded PLGA microspheres could maintain elevated RBC and HGB levels over 28 d, which was similar to the drug residence time in plasma. These results suggest that the released rhEPO was biologically active during sustained release.
PLGA microspheres have enhanced the immunogenicity of vaccines [21] . Whether the microsphere formulation increases the immunogenicity of rhEPO was investigated. An antirhEPO antibody was clearly elicited by the rhEPO solution in rats. The rat and human EPO sequences differ by thirtyfive amino acids [22] , and thus, rats may generate anti-rhEPO antibodies. The rhEPO released from the PLGA microspheres elicited a comparable amount of anti-rhEPO antibody to the solution formulation and significantly less antibody than was elicited from the denatured rhEPO-HAS mixture. These results suggest that the immunogenicity of the encapsulated rhEPO did not increase when the rhEPO-loaded microspheres were given as a depot. Our results are similar to a previous report on a sustained-release formulation of human growth hormone [23] . In conclusion, the PLGA microspheres containing rhEPO were successfully prepared with an s/o/w emulsion solvent evaporation method. An in vitro release test showed that rhEPO was released from PLGA microspheres following nearly zero-order kinetics for approximately 30 d. In vivo, after intramuscular injection, the plasma concentration of rhEPO reached a maximum at d 1, decreased gradually, and was maintained at a near constant level for approximately 4 weeks. Furthermore, the release of rhEPO from the PLGA microspheres was found to be controlled primarily by a dissolution/diffusion mechanism. A good linear correlation was also observed between the in vitro and the in vivo release data, suggesting that in vitro release data may be used to predict in vivo drug release performance. A single injection of rhEPOloaded PLGA microspheres in SD rats resulted in elevated hemoglobin and red blood cell concentrations for over 28 d. Moreover, the immunogenicity of rhEPO released from this formulation, as assessed by the titer of anti-rhEPO antibody from SD rats, was comparable to that of the unencapsulated protein. No toxic effects were observed in an acute toxicity test in SD rats. Therefore, the present study demonstrates the feasibility of delivering rhEPO for approximately 1 month with injectable PLGA-based microspheres.
